Aquaculture
Introduction
Among the various species with potential to leverage marine fish farming in Brazil, the snook of the genus Centropomus (C. undecimalis and C. parallelus) stand out with relatively fast growth, good feed conversion, and possibility of being reared in relatively high densities (Alvarez-Lajonchère and Tsuzuki, 2008) . However, common snook shows faster growth than fat snook (C. parallelus) (Alvarez-Lajonchère, 2004) , being more suitable for aquaculture. Common snook has high commercial value (US$ 10.00/kg; CEAGESP, 2016), inhabits coastal and estuarine waters from Florida, USA, to Santa Catarina, Brazil Feeding rate and feeding frequency affect growth performance of common snook... Oliveira et al. 2 (Rivas, 1986) , and reaches over 1.0 m and 20.0 kg (Figueiredo and Menezes, 1980) . In nature, it feeds mainly on fish and crustaceans, presenting carnivorous feeding habits (Alvarez-Lajonchère, 2004) .
It is estimated that feed costs represent about 45% of operating costs in the semi-intensive farming of common snook (Sanches et al., 2014) . Considering the importance of the diet on fish performance, feed management must be optimized to reduce costs (Türkmen et al., 2012) , enhance growth, survival, feed conversion, reduce batch size heterogeneity, and minimize the release of waste into the environment (Goddard, 1996; Kubitza and Lovshin, 1999; Xie et al., 2011) . However, even with the potential to reduce economic and environmental pressures, relatively few studies have established adequate feeding management practices for marine fish (Costa-Bomfim et al., 2014) .
Feeding frequency and rate influence the development of several fish species (Biswas et al., 2010; Corrêa et al., 2010; Barbosa et al., 2011; Costa-Bomfim et al., 2014; Tsuzuki et al., 2014) . These aspects have been widely studied in the Asian sea bass (Lates calcarifer) and European sea bass (Dicentrarchus labrax) (Azzaydi et al., 1998; Eroldoğan et al., 2004; Harpaz et al., 2005; Guroy et al., 2006; Salama, 2008; Biswas et al., 2010; Türkmen et al., 2012; Ribeiro et al., 2015) . For C. parallelus, however, so far, studies have only considered feeding frequency (Tsuzuki and Berestinas, 2008; Corrêa et al., 2010; Tsuzuki et al., 2014) and rate (Barbosa et al., 2011; Oliveira et al., 2013) separately. Regarding C. undecimalis, only a single study evaluating feeding frequency is available (García-Galano et al., 2003) . Therefore, this study evaluated the effects of different sets of feeding frequencies and rates on growth performance of laboratory-reared common snook juveniles.
Material and Methods
The experimental work was conducted in Recife, PE, Brazil (08°01'11" S and 034°56'38" W). Research on animals was conducted according to the institutional committee on animal use (case no. 171).
Groups of 20 laboratory-reared common snook juveniles with 2.55±0.48 g and 6.81±0.48 cm in weight and total length, respectively, were stocked into thirty 50-L polyethylene tanks in a recirculation system. Initial stocking density was 3.06±0.06 g.L −1
. Temperature (°C), salinity, dissolved oxygen (mg/L), and pH were measured daily with a multi-parameter model YSI 556 (Yellow Springs Instruments, USA) and a benchtop pH meter model PHS-3BW (Bel Engineering, Brazil). The concentrations of total ammonia, nitrite, and nitrate were determined three times a week with a photometer model YSI 9500 (Yellow Springs Instruments, USA). The photoperiod cycle was 12 h light:12 h dark throughout the study. The water quality variables remained within levels deemed acceptable for common snook: salinity 20.3±1.1, temperature 30.3±0.5 °C, pH 8.09±0.14, and dissolved oxygen 6.8±1.4 mg/L. The mean total ammonia concentration was 0.10±0.14 mg/L. No significant concentrations of nitrite and nitrate were detected.
A 3×3 factorial experimental design was utilized, including three feeding frequencies (F2, F4, and F6; two, four, and six meals per day, respectively), three feeding rates (R1, R2.5, and R4; 1.0, 2.5, and 4.0% of fish biomass, respectively), and three replicates, totaling nine treatments (F2R1, F2R2.5, F2R4; F4R1, F4R2.5, F4R4; F6R1, F6R2.5, F6R4). The external control consisted of four daily meals offered to apparent satiety (F4S).
All fish were fed to satiation for seven days until the beginning of the trial (acclimation period) with the same commercial, slow sinking feed (550 g.kg −1 crude protein and 100 g.kg −1 total lipids) used during the 60-day experimental period. The amount of feed was established according to meal times: 8:00 and 17:00 h (twice a day); 8:00, 11:00, 14:00, and 17:00 h (four times a day) ; and 8:00, 9:50, 11:40, 13:30, 15:20, and 17 :00 h (six times a day).
Every 15 days, all individuals of each tank were anesthetized with a clove oil solution (AQUI-S, Bayer S.A., Chile), individually weighed on a digital scale (model S 622 Bel Engineering, Brazil; e = 0.1 g), and measured (total length; cm). The mean values of weight (g) were used for the correction of the feeding rates.
Feeding rate and feeding frequency affect growth performance of common snook... Oliveira et al. 3 Survival rate (S), total length (LG) and weight gains (WG), apparent feed conversion rate (FCR), specific growth rate (SGR), feed efficiency (FE), condition factor (K), and the initial (ICV) and final (FCV) coefficients of weight variation were estimated as follows: LG is the total length gain, FTL is the final total length, ITL is the initial total length, FW is the final weight, IW is the initial weight, TAFO is the total amount of feed offered, ISD is the standard deviation of the initial weight, and FSD is the standard deviation of the final weight.
The results were assessed by analysis of variance (ANOVA) with two factors (feeding frequency and rate) and a significance level of 0.05. The results showing significant differences were then subjected to Tukey's test (P<0.05).
The growth curve (in terms of weight) in relation to the feeding rate was adjusted to a polynomial regression of the second order: y = ax 2 + bx + c, in which x is the feeding rate, c is the intersection of the curve, and a and b are regression coefficients. From this curve, we estimated the maximum (Rmax), maintenance (Rmain), and optimal (Ro) feeding rates. Rmax was the derivative of the polynomial function (−b/2a) as the point at which there is no increase in the analyzed parameter (Shearer, 2000) , while the maintenance (Rmain) and optimal (Ro) feeding rates correspond to the points where the weight gain of fish is zero (ax 2 + bx + c = 0) and the feed is more efficiently used , respectively (Brett, 1979) . The software R, version 3.0.2, was used to build the mathematical model and to estimate the weight (g) of fish. The input order of the variables was selected according to the Akaike criteria (AIC).
Results
No significant effect of the interaction between feeding frequency and rate was observed. Therefore, a one-way ANOVA was applied. Both the feeding frequency and rate significantly (one-way ANOVA, P-values) affected WG (0.00; 0.048), LG (0.00; 0.009), FCR (0.00; 0.011), FE (0.00; 0.033), and SGR (0.00; 0.020), respectively. On the other hand, there were no significant differences for S, K, ICV, and FCV (Table 1) .
Fish fed at 2.5 and 4% of their biomass had significantly higher WG and LG, regardless of feeding frequency (Table 1) . Apparent feed conversion ratio was significantly lower for fish fed at either 1 or 2.5% of their biomass, regardless of feeding frequency. The highest feeding rate (4% of the biomass) resulted in a significantly lower feeding efficiency (FE) ( Table 1) . For a given feeding frequency, there was a trend towards decreased FE with increasing feeding rates. Significantly lower SGR was observed in fish fed at 1% of the biomass, regardless of feeding rate (Table 1) . Due to differences in growth between treatments, the mean final stocking density ranged from 4.65 g.L The growth curve (y = −0.6987x 2 + 4.6188x -2.4235; R 2 = 0.8321) (Figure 1 ) indicates that Rmain, Ro, and Rmax would be 0.93, 1.86, and 3.31%, respectively. There was a trend towards an increase in WG in all treatments as feeding frequency and rate increased (Figure 2 ). S -survival; WG -weight gain; LG -total length gain; FCR -apparent feed conversion rate; K -condition factor; FE -feed efficiency; SGR -specific growth rate; ICV -initial coefficient of variation of weight; FCV -final coefficient of variation of weight. F2, F4, and F6: two, four, and six meals per day, respectively; R1, R2.5, and R4: 1.0, 2.5, and 4.0% of fish biomass, respectively; F4S: external control consisted of four daily meals offered to apparent satiety. Different letters within the same column indicate significant differences (P<0.05).
The curve represents the second order polynomial regression adjusted to the data, as follows: y = feeding rate, x = weight gain, and the coefficients are constants determined by the regression. The maintenance (Rmain), optimal (Ro), and maximum (Rmax) rates were estimated at 0.93, 1.86, and 3.31%, respectively. Feeding rate and feeding frequency affect growth performance of common snook... Oliveira et al. 5 Feeding the fish to satiation (F4S treatment) allowed the estimation of the average feeding rate throughout the trial, which decreased according to fish weight. The initial rate was 3.15% of fish biomass, but reached 0.95% of the total biomass at day 60. For the whole period, the mean rate was estimated at 2.1%. For the same treatment, variations in feed intake were observed according to the daily feeding schedule. The average amount of feed consumed during the experimental period was higher at 8:00 h (0.49±0.27 g), decreasing successively at the following times (11:00 h: 0.42±0.23 g; and 14:00 h: 0.40±0.21 g). The lowest feed intake was observed in the last feeding at 17:00 h (0.34±0.20 g).
The weight (W; g) of fish over time, depending on the different feeding frequencies and rates, presented means between 1.4 and 15. 
in which T is time (days), Fr is the feeding rate (daily percentage of feed offered), and F is the feeding frequency (number of meals per day).
Discussion
Common snook juveniles fed at the lowest feeding rate (1% of biomass) showed significantly slower growth (lower WG and LG) from day 15 onwards, regardless of feeding frequency. This may be a consequence of a low feed offer. Combining increased feeding frequencies and rates resulted in higher WG and LG, which agrees with Tsuzuki et al. (2014) , who verified the influence of feeding frequency on the growth of C. parallelus juveniles, and García-Galano et al. (2003), who observed higher weight gains in C. undecimalis fed at higher frequencies. On the other hand, Corrêa et al. (2010) reported that feeding frequency had no effect on the performance of C. parallelus juveniles fed at a rate of 6% of their biomass. Barbosa et al. (2011) argued that feeding rates below the level considered optimal may lead to increased batch size heterogeneity, possibly due to competition for food. However, this was not observed in this study, since the size of fish from all treatments remained homogeneous throughout the experimental period.
Despite the slower growth, the high survival and lack of aggressive interactions between fish indicate the non-occurrence of cannibalism, which is commonly observed in this species (Tucker, 1987; Cerqueira and Tsuzuki, 2009; Cerqueira, 2007, 2008) . For the Asian sea bass (L. calcarifer), cannibalism may be reduced or delayed by using high feeding frequencies, contributing to batch size homogeneity (Ribeiro et al., 2015) . Similarly, using daily feeding rates between 1 and 6% for C. parallelus also resulted in high survival (Barbosa et al., 2011; Oliveira et al., 2013) .
Estimates of Rmain, Ro, and Rmax in this study (0.93, 1.86, and 3.31%, respectively) were higher than reported for C. parallelus (0.53, 1.7, and 3%, respectively) by Barbosa et al. (2011) . Fish from that study, however, were larger (30 g). Eroldoğan et al. (2004) estimated Rmain, Ro, and Rmax of the European sea bass (D. labrax) with an initial weight similar to our study at 0.6, 2.5, and 5.2% for those reared in sea water, and 0.9, 3.0, and 5.7% for fish reared in freshwater. In addition to the differences in fish size between studies, the differences among these rates may also be a result of the higher growth rate of D. labrax compared to C. undecimalis, whereas C. parallelus has a comparatively lower growth compared with the common snook (Tucker, 2000; .
In general, a greater stratification of the results was more often observed in relation to feeding rates than for feeding frequency. This is clear when observing the mathematical model, in which the coefficient accompanying the variable "feeding rate" is numerically higher (0.96) than that accompanying the variable "frequency" (−0.06). A similar fact was observed for parameters such as WG, FCR, SGR, and LG. The combination of comparatively higher feeding frequencies and rates resulted in increased feed intake, more efficient feed use, and improved growth performance. This is case, for instance, of snook fed at rates of 2.5 and 4% combined with frequencies of four and six meals per day. Fish fed more often consume more feed when compared with those fed less frequently (Dwyer et al., 2002) . In aquaculture, feeding frequency generally varies according to fish size; small fish are fed more frequently than larger ones (Biswas et al., 2010) . The increased frequency enables that fish reared at higher densities have greater access to feed due to its better distribution, leading to higher weight gain (Tsuzuki et al., 2014) . However, fish from the treatment F2R4 did not consume all the feed supplied from day 28 onwards, even with biological indexes similar to fish fed at the same rate. Since Rmax was estimated at 3.31%, a feed waste of 0.69% per day, therefore, can be estimated. Bendhack et al. (2013) verified that C. parallelus juveniles consumed feed in the bottom of the tanks after apparent satiation. In our study, however, fish fed at a rate of 4% were not observed ingesting pellets that remained in the tank bottoms.
Regardless of feeding frequency, fish fed at the 4% rate had low FE and high FCR, indicating the low utilization of the supplied feed despite their comparatively higher growth. High growth rates accompanied by high feed conversion rates lead to feed waste (Barbosa et al., 2011.) , which should be avoided as it increases production costs (Cho et al., 2007; Kim et al., 2007; Oliveira et al., 2013; Sanches et al., 2014) and ammonia concentrations, and may negatively affect fish growth (Oliveira et al., 2013) .
On the other hand, fish fed six daily meals at a feeding rate of 1% (treatment F6R1) had the highest FE, possibly due to the optimization of feed utilization induced by feed deprivation (Eroldoğan et al., 2004) . When testing feeding rates of 1.0, 1.5, 2.0, and 2.5%, Barbosa et al. (2011) found that C. parallelus fed at 1% rate had significantly lower FCR, which concurred in our study.
Supplying feed to satiation resulted in lower FCR and higher FE. This is mainly due to the amount of feed offered being close to what is assumed to be the ideal amount, i.e., with no food wastes observed during the trial period. The estimated amount of feed supplied to the external control treatment (F4S) was 2.1%, which is close to the optimal rate of 1.86% estimated here according to the methodology Feeding rate and feeding frequency affect growth performance of common snook... Oliveira et al. 7 proposed by Brett (1979) . This assumption is reinforced by the fact that all the tanks containing fish fed at the 4% feeding rate had feed leftovers at the end of the day.
Regardless of treatment, K was relatively high in all treatments (7.24±0.22). Generally, high K values are associated with a good condition of the individuals. The condition factor is often used in fish biology studies as an indicator of the physiological state of animals and is based in the assumption that fish with higher weight at a given length are in a better condition (Lima-Junior et al., 2002) . In this study, therefore, it is understood that fish of all treatments were subjected to relatively good management conditions, which agrees with the high survival observed.
Specific growth rate indicates the daily increment in weight, being higher in fish fed at feeding rates of 2.5 and 4% biomass, irrespective of the feeding frequency. The supply of feed at the rate of 1% biomass was close to Rmain, which was 0.93%. As the WG of fish from these treatments was close to zero, probably all the feed was consumed and used exclusively for the maintenance of vital activities. Accordingly, Barbosa et al. (2011) confirmed that the feeding rate of 1% biomass would not be sufficient to meet the nutritional requirements and energy demands of C. parallelus. The SGR of fish from treatments F4R4 and F6R4 were twice higher than all fish fed at 1% biomass
The C. undecimalis juveniles exhibited the highest feed intake in the first meal of the day and the intake tended to decrease during the day. This observation differs from that reported by García-Galano et al. (2003) , who found a higher feed intake in the evening. This apparent discrepancy is probably related to the initial size of the common snook, as García-Galano et al. (2003) used fish with an initial weight of about 30 g. Another possible explanation for this discrepancy may be related to the differences in the daily temperature variation. In the study of García-Galano et al. (2003) , water temperature increased from 26.1 °C at 8:30 h to 30.2 °C at 18:00 h, while in our study, it remained constant throughout the day (means of 30.4, 30.3, 30.3, and 30 .3 °C at 8:00, 11:00, 14:00, and 17:00 h, respectively). Thus, there is an increased feed intake in higher temperatures as long as it remains within the optimum range for the species (Glencross, 2008; Bermudes et al., 2010; Cerqueira, 2010; Oliveira et al., 2013) . As a result, fish reared at higher temperatures usually present higher feed efficiency and weight gain (Bendhack et al., 2013) . These authors, for example, observed that C. parallelus reared at 29 °C grew approximately eight times more than those at 20 °C.
From the above-mentioned, it is obvious that water temperature plays a primary role in defining the growth potential of common snook. Other external factors, however, also have an enormous effect on fish performance. For instance, the rearing volume has been shown to affect the growth performance and feed conversion of the European sea bass (D. labrax) (Samaras et al., 2017) . Therefore, under rearing conditions that differ to the ones applied in the present study, the feeding rate and frequency recommended to common snook (C. undecimalis) juveniles may need to be adjusted accordingly.
Conclusions
Common snook (C. undecimalis) weighing between 1 and 16 g should be fed four to six meals a day at a daily feeding rate between 3.31 and 1.86%, which should decrease as fish gain weight.
